Abstract Acromegaly resulting from the ectopic secretion of growth hormone-releasing hormone (GHRH) is rare. We present a case of acromegaly secondary to proven GHRHsecretion by a bronchial carcinoid tumor in a type 1 diabetic subject and document the clinical course pre-and postresection of the tumor and of subsequent octreotide therapy. A 54-year-old Caucasian man was referred for evaluation of acromegalic symptoms and significantly increased insulin requirements. He had a history of left lung surgery 20 years prior for hemoptysis. Initial laboratory results indicated acromegaly. Fasting serum growth hormone (GH): 26.1 ng/mL (0-5 ng/mL), insulin-like growth factor 1 (IGF-1): 635 ng/mL (87-283 ng/mL), GH at 60 min post-ingestion of 75 grams of oral glucose during a glucose tolerance test: 8.3 ng/mL (normal\1 ng/mL). Pituitary magnetic resonance imaging (MRI) revealed diffuse pituitary enlargement without adenoma. A 4.4 cm left hilar mass was noted on chest computed tomography (CT) scan. Further evaluation for a suspected GHRH-secreting neuroendocrine tumor was pursued. Plasma GHRH level was elevated: 198 pg/mL (\50 pg/mL). Octreoscan showed radiolabelled-octreotide uptake in the left lung mass and pituitary gland. Surgical resection of the lung mass was performed. Immunohistochemical study of the tumor tissue indicated a neuroendocrine tumor secreting GHRH. Postoperatively, serum GHRH, GH and IGF-1 levels fell precipitously. At 10 months, IGF-1 levels were mildly elevated and 7 months of 10 mg longacting octreotide therapy (Sandostatin Ò LAR Ò ) was trialed. At 20 months, off octreotide, serum IGF-1 levels had normalized, acromegalic features were receding, and the patient's daily insulin requirements had decreased by 57%.
Introduction
Ectopic acromegaly, caused by growth hormone-releasing hormone (GHRH) secretion from neoplastic tissue acting on pituitary somatotrophs with consequent inappropriate growth hormone (GH) release, is a rarely encountered diagnosis, with estimations that it accounts for 0.5-5% of all cases of acromegaly [1, 2] . The first well-documented association of an extrapituitary neuroendocrine tumor and acromegaly was published in 1959 [3] . It was subsequently shown that extracts from such tumors had in vitro GHreleasing activity [4] . GHRH was characterized in 1982 following the isolation and sequencing of the peptide from two patients with GHRH-secreting pancreatic neuroendocrine tumors [5, 6] , investigators had previously been hindered by the inability to isolate sufficient amounts of this ''growth hormone-releasing factor'' from normal brain tissue. The investigational quests that led to the elucidation of GHRH are fascinating stories in their own right [7] .
We describe a patient with type 1 diabetes who presented with signs and symptoms of acromegaly, an enlarged pituitary gland without a discrete adenoma on magnetic resonance imaging (MRI), and a distant history of lung surgery for a benign tumor, who was subsequently diagnosed with ectopic GHRH secretion by a bronchial carcinoid tumor. Surgical resection of the bronchial carcinoid tumor resulted in biochemical and clinical remission of acromegaly.
Case history

Clinical presentation
A 54-year-old Caucasian man was referred to the National Institutes of Health for evaluation of acromegaly. While following the patient for type 1 diabetes mellitus, his referring physician had documented the development of acromegalic features including hand and foot enlargement, coarsening of facial features, deepening of the voice and increasing insulin requirements. On detailed questioning the patient described gradually enlarging extremities over more than 20 years with an increase in shoe size from 9.5 to 12.5 and the need to increase his wedding ring size. Additional symptoms included fatigue, worsening snoring, decreased exercise tolerance, joint aches and weight gain of 20 lb over the prior 12 months. Medications were insulin glargine 120 units daily, regular insulin 42 units twice daily, ramipril 2.5 mg daily and aspirin 81 mg daily.
Past medical history was significant for stage 1 hypertension and a 45 year history of type 1 diabetes mellitus. Past surgical history was notable for a left lung upper lobectomy for hemoptysis in 1982; the patient had been told that a benign tumor was resected but had not had any further follow-up; documentation of this procedure and surrounding medical evaluation was unavailable. The family and social history were unremarkable.
Physical examination revealed a Caucasian man of 160 cm height and 114 kg weight with a blood pressure of 144/85; a striking acromegaloid facial appearance with frontal bossing, prominence of the supraorbital ridges, large fleshy nose and prognathism. Ear nose and throat exam revealed marked interdental spacing, macroglossia and fleshy narrowing of the external auditory canal. Chest exam revealed a well-healed left thoracotomy scar. Both hands and feet were enlarged with doughy soft-tissue swelling of the digits. Multiple skin tags were present, most prominent on the upper torso. The remainder of the exam was unremarkable.
Biochemical examinations
Biochemical evaluation revealed a fasting glucose of 118 mg/dL (70-115 mg/dL), hematocrit: 43.1% (36.7-48.3%), blood urea nitrogen: 16 mg/dL (8-22 mg/dL): serum creatinine: 0.9 mg/dL (0.9-1.4 mg/dL), fasting serum GH: 26.1 ng/mL (0-5 ng/mL), insulin-like growth factor 1 (IGF-1): 635 ng/mL (87-283 ng/mL), GH at 60 min post-ingestion of 75 grams of oral glucose during a glucose tolerance test: 8.3 ng/mL (normal \1 ng/mL), prolactin: 11 mcg/L (1-25 mcg/L), follicle stimulating hormone: 8 U/L (2-8 U/L), luteinizing hormone: 2 U/L (2-8 U/L), total testosterone: 274 ng/dL (240-950 ng/dL), thyroid stimulating hormone: 3.36 mcIU/mL (0.40-4.00 mcIU/mL), free thyroxine: 1.2 ng/dL (0.8-1.9 ng/dL), chromogranin A: 470 ng/mL (0-225 ng/mL), whole blood serotonin: 552 ng/mL (\330 ng/mL), urinary 5-hydroxyindoleacetic acid (5-HIAA): 10 mg/24 h (1-6 mg/24 h) and hemoglobin A1C: 7.1% (4.8-6.4%).
Imaging studies
Pituitary magnetic resonance imaging (MRI) scan revealed a diffusely enlarged gland without focal lesion. High resolution computed tomography (CT) of the chest with virtual bronchoscopy revealed surgical changes at the left hilum with an adjacent 4.4 cm contrast-enhancing mass without mediastinal lymphadenopathy. There was hyperinflation of the remaining left lung and areas of pleural and parenchymal scarring. CT and MRI imaging of the abdomen and pelvis were unremarkable. Whole-body radiolabelledoctreotide scan showed intense radiolabelled-octreotide uptake in the left hilar region and in the pituitary (Fig. 1 ).
Serum GHRH level
Because the above presentation suggested ectopic GHRH secretion from a presumably recurrent bronchial neuroendocrine tumor, the serum GHRH concentration was determined and was found to be markedly elevated at 198 pg/mL (\50 pg/mL).
Surgical resection of lung mass
Following bronchoscopic evaluation, surgical resection of the tumor was performed. In order to achieve complete tumor resection, a left pneumonectomy was performed via a posterolateral thoracotomy. Extensive adhesions were noted from prior surgery. Intraoperative frozen section examination of a left hilar mass revealed neuroendocrine tumor. Post-operative recovery was uneventful. staining with anti-GHRH antibody was strongly positive for GHRH ( Fig. 2) and negative for GH.
Clinical response and follow-up
Post-operatively, serum levels of IGF-1, GH and GHRH fell rapidly. Twelve months later, on re-evaluation, the patient had marked improvement of soft tissue swelling and a decrease in daily insulin requirement by 57%. Fasting GH was measured at 4.9 ng/mL (0-5 ng/mL), IGF-1 at 334 ng/ mL (87-283 ng/mL), and GHRH at 11 pg/mL (\50 pg/mL). Chromogranin A level was in the normal range at 190 ng/mL (\225 ng/mL). Repeat chest CT excluded local or metastatic tumor recurrence. Whole body octreotide scanning was negative for uptake in the thorax but did document mild increased uptake in the region of the pituitary. Because serum IGF-1 and GH levels remained mildly elevated at 10 months, long-acting octreotide (Sandostatin Ò LAR Ò ) therapy was started at a conservative dose of 10 mg intramuscularly monthly. Following 7 months of treatment, IGF-1 levels were within the normal range and octreotide was discontinued as a trial off-therapy. Four months following the discontinuation of octreotide, serum IGF-1, GH and GHRH levels were within the normal range and the decision was made to observe the patient without further octreotide treatment.
The patient continues to make excellent progress and has resumed his previously active life and full employment.
Methods
Biochemical measurements
IGF-1 and GH levels were determined at the NIH Department of Laboratory Medicine, Bethesda, MD by Chemiluminescence immunoassay. Non-NIH Samples for IGF-1 levels were processed at Mayo Medical Laboratories, Rochester by chemiluminescence immunoassay and for GH at Quest DiagnosticsÒ by chemiluminescence immunoassay. Serum GHRH levels on NIH samples were determined at Inter Science Institute, Inglewood, CA by direct radioimmunoassay. Non-NIH samples for GHRH were processed at Quest DiagnosticsÒ Nichols Institute, San Juan Capistrano, CA by extraction radioimmunoassay.
Histopathologic analysis
Paraffin tissue blocks were cut into 4 mm-thick sections. The sections were then deparaffinized in xylene and rehydrated in graded alcohol concentrations. Endogenous peroxidase was quenched with 0.03% H2O2 (EnVision TM System, Peroxidase, DAKO Co, CA) for 5 min. Antibodies against GH were provided by the National Institute of Diabetes and Digestive and Kidney Diseases and against GHRH by Dr. Lawrence A. Frohman from the University of Illinois at Chicago.
After incubation with the primary antibody, sections were incubated with a secondary antibody conjugated with HRP-labeled polymer (EnVision TM System, Peroxidase, DAKO Co, CA) for 30 min at room temperature, followed by development with diaminobenzidine solution. The slides were washed in phosphate buffered saline (3 times for 5 min each) between each incubation step. After counterstaining with hematoxylin, the slides were mounted with coverslips in xylene-based mounting medium (Cytoseal, Stephens Scientific, Kalamazoo, MI). Negative controls, in which incubation with the primary antibody was omitted, were processed along with all the samples.
Discussion
The majority of acromegaly cases are caused by oversecretion of GH by a pituitary adenoma. Extra-pituitary acromegaly results from pathologic GHRH secretion by either an extra-hypothalamic neuroendocrine tumor or, less frequently, a hypothalamic gangliocytoma (termed eutopic GHRH secretion) [8] . Bronchial and gastrointestinal carcinoids are the most commonly associated tumor, followed by pancreatic neuroendocrine tumors (including patients with Multiple Endocrine Neoplasia type 1 [9] ) and rarely foregut neuroendocrine tumors [10] and pheochromocytomas [11] .
The signs and symptoms produced by ectopic acromegaly have been found to be the same as in classic acromegaly [1, 2] ; in ectopic acromegaly patients may also report symptoms resulting from the primary tumor (e.g. flushing and/or hemoptysis in bronchial carcinoid [12] ) or an associated syndrome (e.g. kidney stones in MEN 1 [13] ).
IGF-1 levels in ectopic acromegaly, when reported, have been elevated [14] . Following a confirmatory oral glucose tolerance test, the next step in the diagnostic evaluation of acromegaly is a pituitary MRI. It is at this point that the diagnosis of ectopic acromegaly is often first suspected. The absence of a discrete pituitary adenoma is a strong indication to pursue further evaluation for ectopic GHRH syndrome [9] . Published case series have shown, however, that as in our patient, the pituitary is often abnormal on imaging. In one series, the pituitary was normal or homogenously enlarged in 58% of the cases but imaging was suggestive of a pituitary adenoma in 29% [14] . This has frequently led to mistaken pituitary surgery.
The most common pituitary histological finding in cases of ectopic acromegaly, in which pituitary tissue has been excised, is somatotroph hyperplasia resulting from prolonged GHRH stimulation [15] . In some cases pituitary tissue is more characteristic of true neoplastic transformation however [16] . The finding of somatotroph hyperplasia under chronic GHRH stimulation has been documented in murine models [17] .
The key differentiator in ectopic acromegaly is a serum GHRH level, which is elevated in all reported cases of proven ectopic acromegaly [1, 2, 14] . In classic acromegaly, GHRH levels are normal or suppressed by GH negative feedback at the hypothalamic level [18] .
Once ectopic acromegaly is suspected, chest and abdominal imaging will frequently reveal the causative lesion or lesions. Octreotide scan, using radiolabelled somatostatin scintigraphy, confirmed the presence of neuroendocrine tumor in our patient and has been shown to be positive in other recent cases [12] .
Definitive diagnosis and proof of causality is achieved following surgical resection of the GHRH-secreting tumor. GHRH and GH levels should fall rapidly post-operatively. Histology is most often that of a non-specific neuroendocrine tumor, tumor tissue will stain for GHRH but usually not for GH [9] (Fig. 2) .
The treatment of acromegaly due to ectopic GHRH production has two major components: therapy directed at the underlying neuroendocrine tumor and/or therapy directed at the effects of excess IGF-1 production.
Optimal treatment of ectopic acromegaly is complete surgical resection of the GHRH-secreting neuroendocrine tumor. In our patient, left pneumonectomy, with histological evidence of complete carcinoid resection, brought about a dramatic and sustained decrease in GHRH, GH and IGF-1 levels. Further, interval anatomical and functional imaging has shown the patient to be free of neuroendocrine tumor. As evidenced by the regression of soft-tissue swelling and a dramatic decrease in total daily insulin requirement, the secondary effects of hypersomatotropinemia are also improving. Historically, however, either by the time acromegaly is diagnosed, or recognized in a patient with known neuroendocrine tumors, the neuroendocrine tumor is frequently found to be metastatic and unresectable. In one series, 8 of 31 patients with ectopic acromegaly were found to have disseminated disease at diagnosis [14] . In this situation, medical therapy with somatostatin analogues is the mainstay of treatment.
There is well-established experience in the ectopic acromegaly literature in the use of somatostatin analogues, both in cases in which the causative tumor is non-resectable or disseminated and in persistent IGF-1 elevation following surgery [10, 19] .
Somatostatin has an inhibitory effect on the secretion of GHRH by neuroendocrine tumors through the activation of somatostatin receptors in tumor tissue [20] . The presence of tumor somatostatin receptors is evidenced by strong radiolabelled somatostain uptake both in our patient and in several reported cases [12, 21] . Exogenous somatostatin has been shown to reduce the secretion of both pituitary GH and tumor GHRH in vivo and in cultures of carcinoid tissue in a patient with ectopic acromegaly and pituitary tissue in patients with GH secreting pituitary adenomas [12, 22, 23] . Some cases of ectopic acromegaly respond better to somatostatin analogues than others and increasingly, research is focusing on the subtypes of somatostatin receptors expressed in target tissue to explain the degree of response and to optimize treatment with agents more specific to a certain receptor (e.g. SOM230 in tumors with high expression of somatostatin receptor subtypes 1,3 and 5 [12] ).
Conclusions
This case provides an excellent illustration of the unusual and intriguing condition of ectopic acromegaly.
Complete resection of the underlying bronchial carcinoid tumor restored serum GHRH, GH and IGF-1 levels to normal and the clinical effects of acromegaly are receding. The borderline elevated levels of GH and IGF-1 seen during follow-up are possibly due to the effects of pituitary somatotroph hyperplasia evidenced by our MRI findings of homogenous pituitary enlargement at presentation and radiolabelled octreotide pituitary-uptake at presentation and 12 months post-surgery.
In cases of acromegaly with pituitary imaging equivocal for adenoma, a serum GHRH level should be determined to exclude ectopic acromegaly, and to spare the patient unnecessary pituitary surgery.
